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We investigated the in vitro effects of four alkyl-galactofuranoside derivatives, i.e., octyl-�-D-galactofuranoside (compound 1),
6-amino-�-D-galactofuranoside (compound 2), 6-N-acetamido-�-D-galactofuranoside (compound 3), and 6-azido-�-D-galacto-
furanoside (compound 4), on Leishmania donovani. Their mechanism of action was explored using electron paramagnetic reso-
nance spectroscopy (EPR) and nuclear magnetic resonance (NMR), and ultrastructural alterations were analyzed by transmis-
sion electron microscopy (TEM). Compound 1 showed the most promising effects by inhibiting promastigote growth at a 50%
inhibitory concentration (IC50) of 8.96 � 2.5 �M. All compounds exhibit low toxicity toward human macrophages. Compound 1
had a higher selectivity index than the molecule used for comparison, i.e., miltefosine (159.7 versus 37.9, respectively). EPR
showed that compound 1 significantly reduced membrane fluidity compared to control promastigotes and to compound 3. The
furanose ring was shown to support this effect, since the isomer galactopyranose had no effect on parasite membrane fluidity or
growth. NMR showed a direct interaction of all compounds (greatest with compound 1, followed by compounds 2, 3, and 4, in
descending order) with the promastigote membrane and with octyl-galactopyranose and octanol, providing evidence that the
n-octyl chain was primarily involved in anchoring with the parasite membrane, followed by the putative crucial role of the fura-
nose ring in the antileishmanial activity. A morphological analysis of compound 1-treated promastigotes by TEM revealed pro-
found alterations in the parasite membrane and organelles, but this was not the case with compound 3. Quantification of an-
nexin V binding by flow cytometry confirmed that compound 1 induced apoptosis in >90% of promastigotes. The effect of
compound 1 was also assessed on intramacrophagic amastigotes and showed a reduction in amastigote growth associated with
an increase of reactive oxygen species (ROS) production, thus validating its promising effect.

The World Health Organization (WHO) ranks leishmaniasis as
the second most important protozoan parasitic disease after

malaria for its grave morbidity, high mortality, and global distri-
bution, involving 88 countries or territories to which it is endemic.
The estimated incidence is as high as 2 million new cases per year,
including 0.5 million cases of visceral leishmaniasis (VL) and l.5
million of cutaneous leishmaniasis, with 350 million people at risk
(1). The recommendations for the treatment of leishmaniasis have
recently been actualized (1, 2). Conventional drugs used for the
treatment of VL (antimonials and amphotericin B) require pro-
longed administration, have toxicity risks, and are currently facing
challenges of resistance in certain regions of endemicity, such as
India (3). New therapeutic agents, such as liposomal amphoteri-
cin B and miltefosine, have demonstrated their efficacy in large
field clinical trials, but their widespread use is limited by adverse
events, cost, and intravenous use or teratogenicity, respectively.
Combining therapies of the existing drugs remains another solu-
tion but carries the risk of cumulative toxicity (4, 5). Therefore,
there is a need to investigate novel cost-effective therapeutic ap-
proaches (6, 7), all the more because currently no reliable human
vaccine is available (8).

The external structure of the Leishmania parasite presents at-
tractive targets for generating future antileishmanial drugs, par-
ticularly lipophosphoglycan (LPG), which is the main molecular
structure covering the parasite surface and is known to be respon-
sible for its survival and virulence (9). It has already been demon-
strated that attenuated virulence or death of the parasite is due to
alterations in the LPG structure (10, 11). The core structure of

LPG, which is common to all Leishmania species, consists of a
hexasaccharide containing a nonacetylated glucosamine unit and
two mannopyranose entities linked to a rare �-D-galactofuranose
residue and ends with two galactopyranoses. The whole is at-
tached to inositol, which allows linkage with the phospholipid
anchor, and one of the mannoses is substituted by a glucose-1-
phosphate (12).

The presence of rare galactofuranoses is a characteristic shared
by some microorganisms, including trypanosomatids, like Leish-
mania and Trypanosoma cruzi, as well as mycobacteria and Asper-
gillus (13). Indeed, it is well documented that galactofuranose
(Galf) and Galf-containing glycans play a vital role in the life cycle
and pathogenesis of the parasite and in mediating important host-
parasite interactions (14). The complete absence of Galf in mam-
mals makes it an interesting target for development of new che-
motherapeutic strategies, particularly against leishmaniasis (13,
15). Our group and other teams previously reported an inhibitory
effect of octyl galactofuranosides (16) or bicatenary thiogalacto-
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furanosides (17) on mycobacterial strains. These results led us to
investigate such effects on Leishmania, since the glycocalyx of this
microorganism shares some common characteristics with myco-
bacteria. Therefore, four different synthetic octyl galactofurano-
side derivatives were synthesized and analyzed for their ability to
interfere with Leishmania donovani promastigote survival or
growth. Additional experiments were conducted to explain their
mode of interaction with the parasite membrane and to charac-
terize parasite damage, using electron paramagnetic resonance
(EPR), nuclear magnetic resonance (NMR), transmission elec-
tron microscopy (TEM), and annexin V binding. The effects of the
most powerful compounds were verified with intramacrophagic
amastigotes.

MATERIALS AND METHODS
Chemistry. The different galactofuranose derivatives were obtained using
highly specific synthesis pathways. Starting with octyl galactofuranoside 1,
the three other target molecules were synthesized as previously described
(18) (Fig. 1). The synthesis relied on a common intermediate, the octyl-
6-azido-6-2,3-di-O-benzoyl-6-deoxy-galactofuranoside (compound 4b).
First, reduction of compound 4b provided 6-amino derivative 2b, which
can be either deprotected or acetylated to give compounds 2 and 3b,
respectively. Subsequent cleavage of the ester groups of compound 3b
gave compound 3 in 30% yields starting with compound 4b. In parallel,
direct deprotection of the benzoyl protecting groups of compound 4b
under basic conditions provided the free octyl-6-azido-galactofuranoside
(compound 4). Details about the synthesis can be provided upon request.
The four resulting products, namely, octyl-�-D-galactofuranoside (com-
pound 1), 6-amino-galactofuranoside (compound 2), 6-N-acetamido-�-
D-galactofuranoside (compound 3), and 6-azido-galactofuranoside
(compound 4), were then tested (19). In some experiments, two other
compounds were used as controls, i.e., octyl-�-D-galactopyranoside
(compound 5) (Galp-Oct) and octanol (compound 6) (Fig. 1). Miltefos-
ine (hexadecylphosphocholine [HePC]) was used as a reference molecule
with proven efficacy against visceral leishmaniasis (20).

Cell cultures. (i) Leishmania donovani promastigotes. The L. don-
ovani strain was isolated from a human patient positively diagnosed with
VL and was typed by the Centre National de Référence des Leishmanioses
(Montpellier, France) as MHOM/SD/97/LEM3427, Zym MON-18. Sch-
neider’s drosophila medium (Sigma-Aldrich) supplemented with 10%
fetal calf serum (FCS) (Invitrogen) was used to amplify parasites from
amastigotes freshly isolated from mice and to maintain serial passages of
L. donovani promastigotes at 27°C. L. donovani cultures at 3 to 5 days

(exponential growth phase) were used to determine the antiparasitic ef-
fect of the different derivatives of galactofuranose. For cell infection ex-
periments, promastigote cultures at stationary phase were used.

(ii) THP-1-derived human macrophages. The THP-1 (human acute
monocytic leukemia) cell line was differentiated into macrophages after
overnight stimulation with phorbol-12-myristate-13-acetate (PMA) as
described earlier (21). The cell line was maintained at 37°C with 5% CO2

using RPMI 1640 medium (Gibco) supplemented with 10% decomple-
mented fetal calf serum (FCS), 100 IU/ml penicillin, and 100 �g/ml strep-
tomycin.

(iii) Human blood monocyte-derived macrophages. Human blood
monocyte-derived macrophages (HMØ) were obtained by purifying
monocytes from peripheral blood mononuclear cells obtained from
blood buffy coats (supplied by Etablissement Français du Sang, Rennes,
France), as described earlier (22). Briefly, granulocyte-macrophage
colony-stimulating factor (GM-CSF)-mediated differentiation of mono-
cytes was conducted for 6 days to obtain primary human macrophages;
cells were cultured in RPMI 1640 medium supplemented with 10% de-
complemented FCS. The culture conditions were similar to those men-
tioned for THP-1 macrophages.

Macrophage cytotoxicity assay. The cytotoxicity test was performed
with macrophages derived from THP-1 and HMØ by an MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay as de-
scribed earlier (23). Briefly, the THP-1-derived macrophages were ma-
tured overnight (96-well plate) with the culture conditions mentioned
above at a final density of 105 macrophages/well. The medium was re-
moved, and fresh medium was added with the final concentrations of
different Galf derivatives (5 �M to 3,200 �M) and HePC (3 �M to 2,457
�M). The macrophages were further incubated for 24 h before proceeding
with MTT. Briefly, the medium was removed carefully and replaced by
100 �l of MTT (Molecular Probes, CA) solution at 0.5 mg/ml according to
the manufacturer’s protocol. The plates were incubated for 2 h at 37°C;
afterwards, the medium was removed, and 100 �l of dimethyl sulfoxide
(DMSO) was added in each well. Absorbance was read at 540 nm using a
SpectroStar Nano instrument (BMG Labtech, USA) to determine the
amount of formazan production, which determines the relative cell via-
bility. Data were analyzed using the MARS data analysis software pro-
gram. The cytotoxicity concentration for 50% of cells (CC50) for Galf
derivative-treated conditions was determined by setting the optical den-
sity of the control to 100%. All conditions were performed in triplicate.

Promastigote growth inhibition assay. The in vitro antiparasitic ef-
fect of the synthesized galactofuranose derivatives was evaluated on pro-
mastigotes by using a culture microtitration method as previously
described (19, 24, 25). Briefly, L. donovani promastigote parasites expo-

FIG 1 Structures of Galf derivatives evaluated against Leishmania. (A) Octyl-�-D-galactofuranoside/compound 1; (B) 6-amino-galactofuranoside/compound 2;
(C) 6-N-acetamido-�-D-galactofuranoside/compound 3; (D) 6-azido-galactofuranoside/compound 4; control compounds, like (E) octyl-�-D-galactopyrano-
side/compound 5; and (F) octanol/compound 6.
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nentially propagated (day 3 of culture) were incubated with different con-
centrations of Galf derivatives (1 �M to 3,200 �M) and HePC (0.9 �M to
2,457 �M) under sterile conditions. The concentration of parasites was set
at 105/ml (10,000 promastigotes/well), and each condition was tested in
triplicate. After 48 h of incubation, serial 2-fold dilutions of the suspen-
sions were performed in 96-well microplates using Schneider’s drosophila
culture medium, to reach the dilution limit of residual viable parasites.
Subsequently, the plates were incubated for 3 additional days and were
examined using an inverted microscope at a magnification of �200 or
�400. Evaluation of parasite survival was assessed by determining the
presence or absence of mobile promastigotes in each well, and evaluation
of parasite growth was done by obtaining the last dilution titer for which
the well contained at least one parasite; comparison was done between
treated and untreated conditions. The effects of galactofuranose deriva-
tives on L. donovani promastigote growth were expressed as the reduction
percentage of parasite growth obtained for each drug concentration, by
comparison to untreated wells, and the 50% inhibitory concentration
(IC50) was determined. The selectivity index (SI) was calculated as CC50/
IC50, as described earlier (26). Each experiment was repeated at least
thrice.

Promastigote cytotoxicity assay. A commercial cell cytotoxicity assay
(CellTox Green; Promega) was also used to determine the IC50 of com-
pounds. This assay is based on the intensity of fluorescence detection after
binding of a fluorescent dye to DNA of cells with impaired membrane
integrity. Fluorescence intensity is proportional to cell death. The exper-
iment was performed following the manufacturer’s instructions. Briefly,
serial dilutions (160 �M to 0.156 �M) of compounds were incubated with
75 � 103 parasites (1.5 � 106/ml) in a black 96-well microplate for 24 h.
Then, 100 �l of CellTox reagent diluted to 1/500 was added per well,
placed for 1 min on a rotating agitator, and then incubated for 15 min at
room temperature (RT). Fluorescence was detected on a fluorocytometer
(Gemini) using 485- to 500-nm (excitation) and 520- to 530-nm (emis-
sion) filters. Results were acquired by using SoftMax Pro Gemini XS soft-
ware and converted to Excel format. Experiments were performed in
quadriplate and repeated twice.

STDD-NMR. The quantification of molecular interaction of L. don-
ovani promastigotes (whole cells) and compounds 1, 2, 3, 4, 5, and 6 were
analyzed by saturation transfer double difference (STDD)-NMR. Galac-
tose was used as a negative control. Parasite cultures at exponential growth
stage (3 to 5 days) were harvested by centrifugation at 2,500 � g for 15 min
at 4°C. The supernatant was discarded, and the pellet was resuspended in
phosphate-buffered saline (PBS) buffer (pH 7). The same steps were re-
peated twice using deuterated PBS (previously exchanged with D2O;
pH � 7.5 to 7.8). Each sample tube was filled with an amount of L.
donovani ranging from 2 � 108 to 2.7 � 108 cells per tube. The product
tested was introduced at a concentration of 1.5 mg/ml and completed to
500 �l of deuterated PBS. This concentration of 1.5 mg/ml was chosen to
ensure observing properly the effects and avoiding a too-long acquisition
time, which could lead to cell degradation. All samples were checked by
microscopy after the experiments to ensure that these conditions did not
affect cell integrity during data acquisition.

STD-NMR experiments were recorded at 298 K on a Bruker Advance
III 400-MHz spectrometer. The on-resonance irradiation and the off-
resonance of the cell suspension were performed at 7 ppm and �100 ppm,
respectively; the resulting difference between both spectra constitutes the
saturation transfer difference (STD) spectrum. Acquisition of an STD-
NMR spectrum for each compound was made in the absence of cells as a
reference in order to verify the absence of STD effect under these experi-
mental conditions. The STD-NMR reference spectrum of the cell suspen-
sion without compound was used for the double-difference filter. The
final STDD spectra were obtained by manually subtracting the cell STD
spectrum from each of the (cells plus compound) spectra. Intensities of all
STD effects were calculated through integrals over the respective signals in
a 1H NMR reference spectrum. The largest STD effect in each spectrum
was set to 100%, and relative intensities were determined. Hence, suffi-

cient comparisons of relative STD effects between the different com-
pounds were possible, but absolute binding intensities could not be de-
termined.

EPR. The fluidity of the L. donovani promastigote membrane was
determined by a spin-labeling method using electron paramagnetic reso-
nance (EPR), as described previously (27). L. donovani promastigotes
were incubated with the obtained IC50 of different Galf derivatives (com-
pounds 1, 2, and 3) or with controls (compounds 5, 6, and HePC) for 48
h at 27°C. Standard controls having membrane fluidifying and stabilizing
effects, namely, Tween 20 and ursodeoxycholic acid (UDCA), respec-
tively, were used (27, 28). To investigate the reversibility and specificity of
the rigidifying effect observed with compound 1, L. donovani promasti-
gotes were initially incubated with compound 1 for 48 h and then washed
using PBS and treated with Tween 20 or UDCA for 30 min before EPR
analysis. Afterwards, the parasites were washed twice with PBS and were
spin labeled with 32 �g/ml 5-doxylstearic acid (DSA) (Sigma-Aldrich), a
fatty acid exhibiting a stable nitroxide radical ring at the C-5 position.
After three washing steps with PBS, the resulting promastigote sample was
transferred to a disposable glass capillary. The EPR spectra of untreated
and treated labeled samples were acquired at room temperature on a
Brucker Elexsys EPR spectrometer operating at 3,509-G center field,
20-mW microwave power, 9.86-GHz microwave frequency, 1.77-G mod-
ulation amplitude, and 100-kHz modulation frequency. The fluidity of
the labeled membrane was quantified by calculating the order parameter S
according to equations described previously (29). The S value is inversely
proportional to the membrane fluidity; an increase in the value of S is
interpreted as a decrease in membrane fluidity and vice versa. All condi-
tions were performed in triplicate and obtained from three identical ex-
periments.

TEM. L. donovani promastigotes were incubated with two different
galactofuranose derivatives (compounds 1 and 3) at 125 �g/ml (5 � 108

promastigotes/sample) for 48 h at 27°C. Afterwards, the parasites were
washed twice with PBS and then centrifuged and fixed for 4 h with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), rinsed, and then post-
fixed for 3 h with 1.5% OsO4 in the same buffer. Samples were washed and
dehydrated in a graded series of increasing concentrations of ethanol (50,
70, 80, 90, and 100% [vol/vol]). Pure ethanol was then exchanged by
propylene oxide, and samples were gradually infiltrated with increasing
concentrations (30, 50, 70, and 100% [vol/vol]) of epoxy resin (mixed
with propylene oxide) for a minimum of 3 h per step. Samples were left
overnight in pure epoxy resin. Infiltration was continued the next day
with 2,4,6-Tris dimethylaminomethyl phenol-30 (DMP30)-epoxy resin
for 3 h. Samples were finally embedded in a new mix of DMP30-epoxy
resin and polymerized at 60°C for 24 h. Ultrathin sections (80 nm) were
then cut with a UCT Leica ultramicrotome, placed on grids, poststained
for 30 min with uranyl acetate and then for 20 min with lead citrate, and
viewed with a Jeol 1400 TEM supplied with a Gatan Orius camera.

Analysis of PS externalization by flow cytometry. Apoptosis-like cell
death is characterized by the exposure of phosphatidylserine (PS) at the
cell membrane. PS externalization was determined according to the man-
ufacturer’s protocol using the commercial Dead Cell apoptosis kit (Mo-
lecular Probes), with annexin V-Alexa Fluor 488 and propidium iodide
(PI). Annexin V binds to the cell by exploiting its high Ca2�-dependent
affinity for PS, whereas PI labeling is observed following necrosis. Briefly,
L. donovani promastigotes were incubated with or without compound 1
or 2 at their respective IC50s for 24 h, washed twice using PBS, and resus-
pended in annexin binding buffer at 1 � 107 parasites/100 �l. Stauropo-
rine (STS) was used as a positive control for apoptosis and incubated with
parasites at a final concentration of 2.5 �M. Five microliters of annexin V
solution and 1 �l PI at 100 �g/ml were added, and the mixture was incu-
bated for 15 min at room temperature, following the manufacturer’s in-
structions. Afterwards, 400 �l of annexin binding buffer was added, and
the fluorescence of the stained parasites was analyzed using a Beckman
Coulter FC500 cytometer; fluorescence emission was quantified using
CXP analysis software.
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Confocal microscopy analysis of annexin V binding. L. donovani
promastigotes (107) were treated with compound 1 at IC50 for 24 h or left
untreated, later washed once using PBS, and labeled for morphological
visualization using carboxy fluorescein diacetate succinimidyl ester
(CFSE) (Invitrogen) during 5 min at a 2 �M concentration for 107 para-
sites/ml. Then, parasites were labeled with annexin V-phycoerythrin (PE)
(apoptosis detection kit; BD Pharmingen) according to the manufactur-
er’s instructions. After a washing step with PBS, parasites were observed
by using a Leica TCS SP5 microscope (Leica Microsystems). Images were
processed using LAS-AF software (Leica Microsystems).

Amastigote growth inhibition assay. Human macrophages (THP-1)
were cultured in 8-well Labtech slides and infected for 24 h with untreated
L. donovani promastigotes at a 20:1 promastigote/macrophage ratio.
Wells were washed 5 times using culture medium to remove all extracel-
lular promastigotes and were incubated with either compound 1, 2, or 3 at
80 �M or HePC at 7.66 �M for 48 h at 37°C. The cells were washed once
with medium and stained with May-Grünwald Giemsa (MGG) stain, and
the percentage of infected macrophages was determined (presence of in-
tracellular parasites) via microscopic examination using a 100� oil im-
mersion lens. A minimum of 200 macrophages were counted in different
locations of each stained well for both treated and untreated conditions.
Data were analyzed by setting values of multiplying amastigotes (�2 par-
asites/cell) to 100% for untreated wells and comparing with values ob-
tained with treated conditions. All conditions were done in triplicate and
repeated at least three times.

Detection of ROS production. To determine the generation of reac-
tive oxygen species (ROS) in L. donovani-infected macrophages, we used
the cell-permeating probes dihydrorhodamine 123 (DHR) and dihydro-
ethidium (DHE) for measuring the production of peroxide and superox-
ide species, respectively. The techniques were optimized as described pre-
viously (30) with some modifications. DHR 123 (Molecular Probes) was
used to detect increased fluorescence after passive diffusion across the
parasite membrane, where it reacts with hydrogen peroxide in the pres-
ence of peroxidases from cationic rhodamine 123 emitting green fluores-
cence, which localizes in the mitochondria. DHE (Molecular Probes)
forms a red fluorescent product (ethidium) upon reaction with superox-
ide anions. HMØ were infected with L. donovani (10:1) for 24 h, followed
by treatment with 80 �M compound 1 or 2 for 24 h. Lipopolysaccharide
(LPS) was used as a control to stimulate HMØ ROS production. Cells
were washed with PBS and then centrifuged and incubated with either
DHR or DHE in a 1-ml volume for 60 min and 20 min, respectively. Cells
were washed once with cold PBS, and fluorescence was measured by flow
cytometry using a Beckman Coulter FC500 cytometer. Quantification of
fluorescence emission was analyzed using CXP analysis software.

Statistical analysis. Data were expressed as arithmetic means � stan-
dard errors of the means (SEM) and compared using the Mann-Whitney
test. Statistical analysis was made using the GraphPad Prism v5 software
program (GraphPad Software, USA). Statistically significant results are
indicated as follows: �, P 	 0.05; ��, P 	 0.01; ���, P 	 0.001.

RESULTS
Inhibition of L. donovani promastigote growth by Galf deriva-
tives in vitro. Several Galf derivatives showed inhibition of par-
asite growth, notably compounds 1 and 2, with IC50s of 8.96 �
2.5 �M and 41.6 � 8.3 �M, respectively. Contrasting with that,
compounds 3 and 4 showed limited or no effect on parasite
growth even at high concentrations compared to results under
the control untreated condition (Table 1). Overall, the effica-
cies of the four compounds could be ranked as compound 1
being the most effective, followed by compounds 2, 3, and 4, in
decreasing order of effectiveness. To gain further insight into
the mechanism of action of Galf derivatives and particularly to
investigate whether the strong effects shown by compound 1
were due to the octyl chain or to the sugar ring structure, we
subsequently tested its structural isomer compound 5 (n-octyl-
�-D-galactopyranoside) and compound 6 (octyl chain alone).
We found no effects on the growth of L. donovani promastigotes
using optimal concentrations of compound 5 or 6. In parallel, L.
donovani promastigotes were cultured with HePC, and the calcu-
lated IC50 was 3.38 �M under experimental conditions similar to
those for other Galf derivatives (Table 1). The determination of
IC50 using the CellTox Green assay confirmed that the best antil-
eishmanial activity was obtained with compound 1 (IC50 � 2.4
�M; 95% confidence interval [CI], 0.39 to 14.7 �M) and sug-
gested that this compound had an effect on membrane integrity.
Indeed, the principle of this assay relies on the intracellular pene-
tration of a dye and fluorescence detection after binding to DNA,
which can occur only in the case of membrane alterations. Results
with this assay led to a somewhat similar IC50 for compound 2 but
with a huge unreliable confidence interval (95% CI � 0.3 to 39.7)
and did not yield any result for the remaining compounds or for
HePC (data not shown).

Galf derivatives have low cytotoxic effect on human macro-
phages. The MTT assay showed that Galf derivatives did not
present any cytotoxic effects against either THP-1 or HMØ at
optimum biological activity concentrations. The CC50 of com-
pounds 1, 2, 3, and 4 toward HMØ was high, ranging from
1,431.3 � 0.4 �M to 747.3 � 0.3 �M, whereas it was 128.1 �
0.3 �M for HePC (Table 1). The selectivity index (SI) was
calculated for the Galf derivatives; the most significant SI was
obtained for compound 1, which was 4.2 times better than that
of HePC with blood-derived human macrophages (159.7 ver-
sus 37.9, respectively). Similar results were obtained with the
THP-1 cell line (Table 1). Due to its higher IC50, the SI of
compound 2 was lower than that of HePC.

TABLE 1 In vitro IC50s of various galactofuranose derivatives for L. donovani promastigote growth and determination of CC50s toward human
macrophages

Compound
IC50 (�M)a

(mean � SEM)

CC50 (�M)a (mean �SEM) Selectivity index (CC50/IC50)

HMØ THP-1 HMØ THP-1

1 8.96 � 2.5 1,431.4 � 0.4 1,508.4 � 0.03 159.7 168.3
2 41.6 � 8.3 736.6 � 0.1 804.6 � 0.08 17.7 19.3
3 800 � 0 1,595.4 � 0.4 1,608.8 � 0.03 1.99 2.01
4 1,360 � 16.6 747.4 � 0.3 ND 0.55 ND
HePC 3.38 � 0 128.1 � 0.3 146.1 � 0.03 37.9 43.2
a Each concentration (serial dilutions) was tested in triplicate in three independent experiments. IC50, 50% inhibitory concentration; CC50, cytotoxic concentration; HMØ; blood-
derived human macrophages; ND, not determined.
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STDD-NMR spectroscopy demonstrates molecular interac-
tion between L. donovani promastigotes and galactofuranose
derivatives. STD-NMR nowadays constitutes a reliable and cheap
tool for observing interactions between ligands and their biologi-
cal receptors or ligands (31). In order to determine the level of
interaction between the galactofuranose derivatives and Leishma-
nia donovani membrane assemblages, we used a second genera-
tion of STD-NMR, termed saturation transfer double difference
(STDD-NMR), which can be an effective tool when using whole
cells (32, 33). The double STD (STDD) spectrum is obtained from
the difference between the STD spectrum of a sample containing
cells and their presumed ligand and the STD spectrum obtained
with the sole cells, thus eliminating noise due to other molecular
components present in the cell surface.

Octyl galactofuranosides were all tested at a concentration of
1.5 mg/ml, below the compound 1 critical micelle concentration,
which is 1.78 mg/ml, thus avoiding a micellar state. Such concen-
trations were previously shown to be needed to measure an inter-
action between a compound and the membrane (34). The resul-
tant effects were expressed as percentages, giving 100% to the
highest signal, which is in all cases the signal for the terminal
protons of the alkyl chain. Compounds 1, 2, and 3 showed similar
results, namely, a strong STD effect on the alkyl chain and relative

close intensities for all the other sugar ring protons (Fig. 2). Al-
though interaction intensities of the sugar ring were similar for the
three above-cited compounds, they were somewhat higher for the
compound 1 sugar motif (52% to 84%) than for compound 2
(33% to 62%) and compound 3 (37% to 72%) (Fig. 2). Com-
pound 4 did not yield any workable spectrum despite repeated
experiments.

To correlate these assays to the in vitro experiments, STDD
spectra of compound 5 (n-octyl- galactopyranoside) and com-
pound 6 (n-octanol) were also set up and showed also a similar
pattern of interaction for the alkyl chain (high transfer saturation)
but a lower one for each of the galactopyranose sugar ring protons
(29% to 55% interaction only) (Fig. 2). A negative control using
galactose, which led to no STD effect at all, confirmed that the
observed signals were not an artifact.

Compounds 1 and 2 exert a rigidifying effect on the L. don-
ovani promastigote membrane. To further explore the conse-
quences of this molecular interaction of galactofuranose deriva-
tives with L. donovani promastigotes, we evaluated their effect on
membrane fluidity using the EPR technique. Three Galf deriva-
tives yielding distinctive effects on parasite growth in vitro were
selected, i.e., compounds 1, 2, and 3. A significant increase in the
value of S (order parameter S) in parasites treated with compound

FIG 2 Quantification of molecular interactions of Galf derivatives with the promastigote membrane by STDD-nuclear magnetic resonance. Interaction results
obtained for compound 1 (A), compound 2 (B), compound 3(C), compound 5(D), and compound 6 (E) are shown. The terminal protons of the alkyl chain
yielded the highest STD effect in each spectrum and thus was set to 100%, and the relative intensities of other molecular structures were determined. Data are
representative of two independent experiments.
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1 at the IC50 was obtained (S � 0.64 � 0.004 versus 0.604 � 0.002
in treated and untreated control parasites, respectively; P 	
0.0001) (Fig. 3A). Since S is inversely proportional to the mem-
brane fluidity, compound 1 appears to significantly rigidify the L.
donovani phospholipidic membrane. Similar results were ob-
tained for compound 2, with an S value of 0.63 � 0.001 (P 	
0.001). In contrast, when parasites were treated with the least-
effective compound, compound 3, no significant difference in the
value of the order parameter was observed (S � 0.584 � 0.0006; P
value is not significant [ns]), indicating that this compound had
no effect on promastigote membrane fluidity. Two other com-
pounds, 5 and 6, which showed interaction by NMR, which was

lower, but no antiparasitic effects, were also analyzed for their
effects on membrane fluidity. Neither significantly modified
membrane fluidity (Fig. 3A).

To further validate the rigidifying effect of compound 1, we
verified the effect of treatment with Tween 20 and ursodeoxy-
cholic acid (UDCA). Results showed the reversal of the rigidifying
effect of compound 1, with an S value of 0.641 � 0.001 and an S
value of 0.588 � 0.005 (P 	 0.05) before and after Tween 20
treatment, respectively, yielding results similar to those for para-
site treatment with Tween 20 alone (S � 0.566 � 0.002; P � ns).
Additionally, UDCA was added to the L. donovani promastigotes
for 1 h of incubation as a stabilizing control (28) and confirmed a
rigidifying effect at a level similar to that obtained with compound
1 (S � 0.643 � 0.002). This effect due to UDCA could be also
reversed by treatment with Tween 20 (S � 0.608 � 0.003; P 	
0.05) (Fig. 3B).

Transmission electron microscopy analysis of L. donovani
promastigotes treated with compound 1 reveals profound
structural alterations. We investigated the nature and extent of
damage to L. donovani promastigotes caused by compound 1, us-
ing TEM. Compound 3, which had little effect on parasite growth,
was used as a control. Untreated promastigotes presented well-
defined, intact cellular structural details (Fig. 4A), notably on
higher magnification (�80.000). In particular, the surface re-
mained intact, which is essential for the viability of promastigotes,
and the subpellicular microtubules structure is intact, as shown in
longitudinal or cross-sectional views (Fig. 4A, panels c, e, and f).
Conversely, after 48 h of incubation with compound 1, about 90%
of parasites showed severe alterations (Fig. 4B, panels g and k),
extending from the phospholipidic membrane to inside organelles
(Fig. 4B, panels h and l). Structural abnormalities included prom-
inent surface changes, including the detachment of the plasma
membrane from the layer of subpellicular microtubules (Fig. 4B,
panels i and m) or a complete interruption of the plasma mem-
brane (Fig. 4B, panels j and l) leading to extensive damage of
cytoplasmic organelles, such as the cell nucleus, kinetoplast, mi-
tochondria, and storage compartments, and a leakage of damaged
organelles outside the cell. Beside these striking effects observed
with compound 1, compound 3 did not lead to major alterations
of membrane integrity but rather induced some deformations
(Fig. 4C), which had no visible consequences for intracellular or-
ganelles, thus probably explaining the lack of effect on parasite
survival and growth.

Compound 1 induces apoptosis in L. donovani promasti-
gotes. A confocal analysis of promastigotes labeled with annexin V
and CFSE revealed an increase in surface binding of annexin V
after treatment with compound 1 (Fig. 5A) compared to that for
untreated parasites. Flow cytometry analysis of promastigotes
treated with compound 1 or 2 showed a dramatic increase in an-
nexin V binding, with 91.1% and 81.5% of labeled cells, respec-
tively, compared to that for untreated parasites (4.4%). The mean
fluorescence intensity (MFI) of annexin V� parasites was signifi-
cantly higher than that of untreated ones (P 	 0.05) (Fig. 5B and
C). In contrast, PI labeling was very low in control parasites and
did not increase after treatment, confirming that parasite damage
induced apoptosis and that death was not due to necrosis.

Compound 1 controls intramacrophagic amastigote growth
through stimulation of ROS production. To examine the capac-
ity of Galf derivatives to control the intramacrophagic amastigote
multiplication, THP-1-derived macrophages were infected with

FIG 3 Analysis of membrane fluidity by electron paramagnetic resonance.
Parasites were incubated with or without the Galf derivatives for 2 days and
then incubated with spin label 5-DSA. (A) Treatment with compounds 1 and
2 at their respective IC50 and with compounds 3, 5, and 6 at �400 �M con-
centrations; lane C represents untreated control parasites. (B) Reversal of ri-
gidifying effect of compound 1 after treatment with Tween 20 and similar
effects observed after treatment with the rigidifying control UDCA followed by
Tween 20. Data are expressed as means �SEM and are representative of three
independent experiments; each condition was tested in triplicate. Significance
of results is expressed as follows: ���, P 	 0.001; ��, P 	 0.01; �, P 	 0.05.
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L. donovani promastigotes for 24 h and then treated with the dif-
ferent compounds for 48 h. Compounds 1 and 2 significantly re-
duced amastigote multiplication (P 	 0.05), whereas only mod-
erate effects were observed with compound 3 (Fig. 6). HePC used
as a control showed effective inhibition of amastigotes multiplica-
tion inside infected macrophages in a manner similar to that of
compound 1 (Fig. 6).

To investigate the mechanism by which macrophages control
amastigote growth, we quantified ROS production by flow cytom-
etry. The MFI of DHR� infected macrophages was significantly

increased in parasites treated with compounds 1 and 2, but to a
greater extent with compound 2 (P 	 0.05 and P 	 0.01, respec-
tively) (Fig. 7A), indicating peroxide production in these cells.
Similarly, superoxide detection was increased in infected macro-
phages treated with compounds 1 and 2 (P 	 0.05) (Fig. 7B)
compared to that for untreated macrophages.

DISCUSSION

Recent first-line drugs against leishmaniasis include miltefosine,
paromomycin, and liposomal amphotericin B, which present

FIG 4 Ultrastructural analysis of L. donovani promastigotes by transmission electron microscopy. (A) Untreated promastigotes with intact cytoplasmic
organelles (a and d), intact plasma membrane (arrow) (b and c), or intact subpellicular microtubules (arrow) (e and f). (B) Promastigotes treated with compound
1, showing a high proportion of altered parasites (g and k), partial (h and i, arrow) or complete (m, arrow) detachment of the plasma membrane from the layer
of subpellicular microtubules or complete disruption of the plasma membrane (j and l, arrow), or destruction of numerous intracellular organelles. (C)
Compound 3-treated promastigotes, showing deformation of the plasma membrane (n and o) but no membrane rupture (p, arrow). Data are representative of
two independent experiments. Scale bars represent 1 �m (a, g, and n) at magnification �12,000 (12K), 0.5 �m (b, d, h, k, and o) at magnification 25K, or 0.2 �m
(c, e, f, i, j, m, and p) at magnification 80K.
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FIG 5 Quantification of apoptotic promastigotes. (A) Confocal microscopy examination of L. donovani promastigotes incubated with compound 1 at its IC50

(lower panel) or left untreated (upper panel) and then labeled with CFSE and annexin V-PE. Representative slides from triplicate experiments are shown. (B)
Flow cytometry analysis of L. donovani promastigotes labeled with annexin V-AF488 and PI. Staurosporine (STS) was used as a positive control for apoptosis. The
left panels show dot plots from control or treated parasites, and right panels show the quantification of annexin V-positive cells. Each panel is representative of
triplicate experiments. (C) Mean fluorescence intensity (MFI) of annexin V� promastigotes, treated with compound 1 (1), compound 2 (2), or STS or left
untreated (Un). Results are expressed as means � SEM of data from triplicate experiments, and significance is expressed as follows: �, P 	 0.05.
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multiple shortcomings, such as resistance and side effects (35, 36).
Therefore, novel therapeutic approaches, particularly those aimed
at exploring new horizons for the development of efficient antil-
eishmanial molecules, are required (37–39). Current advances in
our understanding of the biosynthesis of Galf-containing glyco-
conjugates have opened a new field of research, since these com-
pounds are found at the surface of several widespread human
pathogens, including Leishmania (13). Interestingly, galactose is
also present in mammalian cells but exclusively in the hexopyra-
nosyl form, thus making furanosides a specific target for interven-
tion therapies (40).

Since UDP-Galf is essential for the biosynthesis of all glycocon-
jugates containing a Galf moiety, we first generated UDP-Galf
derivatives with the aim of interfering with LPG synthesis or with
Mycobacterium smegmatis growth, with promising results (19, 41).
However, synthesis of UDP-Galf derivatives is a complex process,
and further experiments are currently limited by the quantities of
compounds synthesized.

In this work, we focused on synthetic alkyl galactofuranoside
derivatives that fulfill two main criteria: (i) the presence of a C-6
alterable galactofuranose ring linked to a lipophilic C8 tail, and (ii)
their availability in large quantities. We demonstrated that activity
of Galf derivatives against L. donovani promastigotes varied ac-
cording to the group substituted at the C-6 position. Compound 1
showed the strongest effect on promastigote growth, whereas
compound 2 had a moderate IC50 and compounds 3 and 4 were
found to be poorly active. Additionally, we demonstrated that the
activity of these furanoside compounds was specific by incubating
parasites with a structural isomer of compound 1, i.e., compound
5 (Galp-Oct), and with the octyl chain, i.e., compound 6, solely.
Both of them had no biological effect, implying that the activity is
conferred by the furanoside ring. Our IC50 results using HePC on
promastigotes are in coherence with previously published data
(26, 42), thus allowing reliable comparison of efficacy between our
molecules and a reference treatment.

The uniqueness of Galf derivatives relies in their low cell tox-

icity. In our hands, the CC50 values obtained for THP-1 and HMØ
were 6- to 12-fold lower than those with HePC, which showed
cytotoxic levels similar to those described earlier by others (26,
43). Compound 1 had the most interesting SI, which was 4-fold
higher than that of HePC.

Regarding the contrasting results obtained with the various
C-6-modified octyl galactofuranosides, the poor inhibition ob-
served with compound 3 (6-N3-) and compound 4 (6-NHAc-)
suggests that the presence of a polar moiety at this terminal posi-
tion is important to obtain an inhibitory effect on L. donovani
promastigotes. Besides, we could rule out an effect due to the
inherent auto-organization property of alkyl glycosides, which
could possibly facilitate compound penetration into the mem-
brane since the concentrations tested were well below the critical
micelle concentration value (1.78 mg/ml for compound 1), and
thus its activity was not due to a surfactant property. In addition,
according to Weniger et al. (44), the biological activity of any drug
cannot be attributed to cytotoxicity when its SI is �10, which was
the case here.

These first observations suggested a specific interaction with
the parasite membrane which could decrease parasite growth or
modify cell recognition and prompted us to explore more deeply
the properties of these compounds. To confirm the hypothesis
that the products directly interact with L. donovani membrane
assemblages, we proceeded to the setting up of STDD-NMR with
whole cells. This technique yielded spectra showing that all of
them could interact with the membrane through the octyl chain.
We can therefore stress the fact that this part of the molecules is
the closest to the membrane and could probably act as a lipophilic
anchor or could possibly be recognized by enzymes presenting a
hydrophobic pocket. Additionally, a moderately stronger interac-
tion of the furanoside ring than of the pyranoside ring was ob-
served by NMR, emphasizing the role of the specific sugar struc-
ture in the biological effects observed on Leishmania survival and
infectivity.

Since molecular interaction through the octyl chain seems es-
sential to anchor the molecule but unlikely to support the speci-
ficity of the biological effect, we used EPR to further investigate
the potential role of the furanose form on the promastigote mem-

FIG 6 Inhibition of intramacrophagic L. donovani amastigote multiplication
after treatment with Galf derivatives. THP-1 macrophages were infected by L.
donovani promastigotes for 24 h and then treated for 48 h with different com-
pounds. Results are presented as percentages of infected macrophages with
multiplying amastigotes, determined by comparison to the values of untreated
control wells (lane C) arbitrarily set to 100%. Significant results are shown as
“�” (P 	 0.05). Data are representative of three independent experiments.

FIG 7 Quantification of reactive oxygen species (ROS) production by macro-
phages. Human macrophages (HMØ) were infected (lanes L.d, 1, 2, and LPS)
or not (lane C) with L. donovani and then treated overnight with compound 1
(1) or compound 2 (2) or LPS or left untreated (L.d). (A) peroxide levels were
measured using the specific fluorescent dye dihydrorhodamine (DHR). (B)
Superoxide detection was quantified using dihydroxyethidium (DHE) stain-
ing. Significant results are shown as “�” (P 	 0.05). Data are representative of
two independent experiments.
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brane. It appeared that compounds 1 and 2 had a significant ri-
gidifying effect on the promastigote membrane, similar to the
UDCA stiffening control, an effect which was not observed with
compound 3 or 5, both of which otherwise had little biological
effect on parasite growth. Huge membrane and intracellular dam-
ages induced by compound 1 but not by the poorly efficient com-
pound 3 were evidenced using TEM. In other studies reporting the
effect of drugs like HePC and diterpenoid alkaloids, parasite death
seems to result from intracellular damages rather than primary
membrane damage (37, 45). This is consistent with the results of
our cytotoxicity assay using CellTox green dye, which can effi-
ciently enter cells and bind to DNA only in the presence of mem-
brane alterations. In our hands, this assay was reliable to deter-
mine an IC50 only for compound 1, which reinforces the finding that
this drug can alter the parasite membrane. The initial membrane
damage could then lead to promastigote apoptosis, as suggested by
the high level of annexin V-positive parasites after treatment with
compound 1, and subsequently to intracellular damages. These re-
sults definitely confirm that compound 1 is a potent drug against the
promastigote stage of L. donovani.

Finally, since the ultimate goal of anti-Leishmania drug devel-
opment is to combat the amastigote stage, we verified the effect of
the most effective compounds, 1 and 2, on a model of human
macrophages infected with L. donovani. Both compounds reduced
intracellular amastigote growth, though compound 2 was efficient
to a lesser degree. As a first attempt to explore the mode of action
against amastigotes, we characterized ROS production by infected
macrophages, and we obtained evidence that both compounds
stimulate peroxide and superoxide production. Since an oxidative
burst is the hallmark of an efficient antileishmanial response, as
observed in vivo (46), this could explain the enhanced parasite
control in vitro. Further explorations are needed to determine the
mechanism of the effect on amastigotes more accurately, but these
primary results are promising and are in agreement with a very
recent article in which the authors showed an immunomodula-
tory effect of galactofuranosyl glycosides on macrophages (47).

In conclusion, we demonstrated for the first time a significant
biological effect of two octyl galactofuranoside derivatives on L.
donovani promastigotes and amastigotes, particularly compound
1, octyl-�-D-galactofuranoside, whose activity is supported by the
furanose motif and seems to tightly interact with the parasite
membrane. Thus, alkyl galactofuranosides could be an attractive
basis for further drug development against this neglected disease.
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